Lead is a known reproductive toxicant in humans and animals. Data on cadmium reproductive effects in humans are inconclusive, and in female animals are lacking. More information on the toxicokinetics and toxicity of Pb and Cd during the reproductive period and in developing young is needed. Experimental studies on rats conducted in Laboratories in Croatia and in the USA separately and as collaborative research show that Pb or Cd have effects on reproductive function. Chronic or subchronic oral Pb or Cd exposure of the dams causes decreased pup weight and survival, and depressed serum progesterone concentration in Cd-exposed dams at the term. No paternally mediated Pb effects were found in offspring. Organ Pb or Cd accumulation was accompanied by changes in essential element concentrations in both dam and foetus. Acute in vivo and in vitro exposure to Cd had specific effects on gonadal steroidogenesis in both males and females. Proposes possible sites of action of Cd in the steroidogenic pathway.
Significance of overall problem
The problem of exposure to the heavy metals lead (Pb) and cadmium (Cd) in all countries and their biological effects has been a source of growing concern in recent years [1, 2] . These metals are ubiquitous and are released to the environment by human activities, depending on the stage of industrial development of the country (emissions from various industries, smelteries and hazardous waste dumps).
Human exposure to Pb and Cd occurs from occupational sources, environmentally through the food chain, and Cd from cigarette smoke. Women of childbearing age in the workforce may be exposed to a variety of toxic substances. Combined occupational and/or environmental exposure to Pb and/or Cd may adversely affect the reproductive health of women and the internal environment of their descendants.
With the application of current public health regulations, pregnant women can no longer be occupationally exposed to Pb or Cd, but other sources including food and water contamination, wall paint, industrial wastes, automobile exhaust fumes and pesticides are yet to be eliminated. Furthermore, women are generally unaware of the adverse effects of cigarette smoke on the placenta and foetus, due to its toxic constituents, among which is Cd [3] [4] [5] . Population groups, such as women of childbearing age and infants, with the likelihood of developing nutritional deficiency, are in a more precarious position for toxic effects of Pb or Cd. They are prone to Fe and other element deficiencies due to their specific physiologic and nutritional demands. Animal studies have shown that pregnant and lactating females and offsping have higher intestinal absorption and retention of heavy metals, which interfere with trace element homeostasis [6] [7] [8] . Both metals accumulate in soft tissues, including organs of the reproductive axis. Over an individual's lifetime, Pb is stored in bone and teeth, and Cd in the kidney. During pregnancy Pb may be released from maternal bone reserves and thus become a source of foetal exposure [1] . Similarly, an older mother with higher Cd body burden may be at higher risk for placental Cd accumulation with subsequent adverse effects on nutrition of an unborn child [5, 9] .
Reproductive effects of lead and cadmium
A large body of literature clearly shows that severe Pb intoxication is associated with sterility and miscarriages. Increases in neonatal mortality and morbidity along with delayed neurotoxic and behavioural effects have been reported due to high perinatal Pb exposure [1] Both human and animal data show that Pb readily crosses the placenta and produces Pb concentrations in the neonate comparable to those found in maternal blood.
In contrast to Pb reproductive effects, limited and inconclusive evidence exists for an association of Cd exposure and reproduction in human females. Recent data show that Cd accumulates in human ovaries depending on the female's age and smoking habits [10] . There are reports of histological changes and higher Cd accumulation in the placenta of smoking mothers [11, 12] . Low Cd concentrations measured in the human foetus indicate that the placenta is not a complete barrier for fetal Cd exposure [9] . Animal studies have shown that transfer of essential trace elements (Fe, Zn) and vitamins may be inhibited by placental Cd accumulation [4] .
Related research

Chronic exposure to lead or cadmium
The disposition of heavy metals has been investigated in the laboratory in Croatia for many years. Data showed the influence of age, gender, diet and route of exposure on metal toxicokinetics and toxicity in the rat (e.g. [7, 8] ).
To study male and female reproductive effects of Pb and Cd, laboratory rats (Wistar) were exposed to Pb (as acetate) or to Cd (as chloride) in drinking water. Exposure started before mating or at the beginning of gestation, and lasted over gestation and lactation. Some newborns of exposed dams were crossfostered with control dams. The reversibility or possible delayed appearance of effects was evaluated 4-10 weeks after cessation of exposure. 
Effects of lead
At all levels of exposure (1,500-7,500 ppm Pb), there were no reproductive effects in male rats evaluated by fertility index, and number and weight of the pups [13] . At the lowest concentration of 1,500 ppm Pb, no effects were found on pup appearance and viability. Effects on number of live pups per litter and pup weight were observed starting at 3,500 ppm Pb dose. Reproductive Pb effects in female rats were related to the length of exposure, and were reversible after withdrawal from the exposure [14, 15] . These results are in concordance with field studies conducted by the Croatian Institute in a Pb-smeltery area that showed an increased rate of abortion and a decrease in the rate of twin births [16] .
Other perinatal effects of Pb exposure found in young were: nephrotoxic (morphologic changes with changes in element concentrations in the kidney); haemotoxic (anaemia and liver haemosiderosis with "unused" Fe due to defective haemoglobin synthesis); and hepatotoxic (morphologic changes in the liver) [17] [18] [19] . No delayed appearance of the Pb effect was detected on renal function, blood pressure or reproductive integrity in rats exposed during perinatal life [19] [20] [21] .
Effects of cadmium
Cadmium-related effects on pup weight and Fe status with anaemia were observed if exposure (50 ppm Cd) started either before or after birth [22] . Most severe effects were observed in the offspring born to the dams exposed to Cd from the beginning of gestation, and continued Cd exposure after giving birth, i.e., in pre-plus postnatally exposed pups. Cadmium accumulation increased in dams and pups especially during period of lactation, with considerably higher values of organ Cd concentrations in adults than in young. Therapy with chelating agent [sodium-N-(4-metoxybenzyl)-D-glucamine-N-carbodithioate monohydrate] administered at lactation depleted Cd stores more efficiently in the mothers than in offspring [23] .
The above findings agree with work in the collaborating US laboratory which showed that Cd accumulated in liver and kidney more rapidly with exposure during pregnancy and lactation (42 days) than with similar exposure of non-pregnant female rats (Sprague-Dawley). Effects on the reproductive outcome included a slight increase in preimplantation deaths and a slight decrease in fetal kidney weight with an exposure of 5.0 ppm in the drinking water. Serum progesterone (P 4 ) in the term dams was depressed roughly 25 per cent [24, 25] ).
Acute exposure to cadmium
Acute in vivo and in vitro studies on rats (Sprague-Dawley) have shown that exposure to several metals, including Cd, has specific effects on gonadal steroidogenesis in both males and females [26] [27] [28] [29] [30] . Minced testicular and ovarian cultures have been used to evaluate P 4 , testosterone (T), and estradiol (E 2 ) production. Steroid production was measured by specific radioimunoassay in the culture medium after one-to three-hour incubation periods without or with hCG and/or precursor substrate (pregnenolone, androstendione or testosterone) to assess the site(s) of action in the steroidogenic pathway.
In males, low acute Cd dose (0.18 mg/kg s.c.) caused depression in both steroid and sperm production without histopathologic testicular changes [26] . It has been shown in an in vitro study that Cd interferes with normal Leydig cell steroidogenesis at several sites in the biosynthetic pathway, and results in either inhibition or stimulation [28] . It was found that Cd 2+ , Co 2+ , Ni 2+ , and/or Zn 2+ ions inhibited T production at site(s) prior to cholesterol side chain cleavage, and stimulated T production at site(s) between cholesterol side chain cleavage and the delta-5,3 beta-hydroxysteroid dehydrogenase/delta-5, delta-4 isomerase conversion of pregnenolone to P 4 .
In female rats, the most severe effects on ovarian steroidogenesis were found when treated with Cd (3 or 5 mg/kg s.c.) during proestrus or in early pregnancy (day 7), with those treated in the later stage of gestation (day 16) relatively unaffected when evaluated 24 hours following the treatment. The effects on P 4 and T production, for the most part, were moderated by providing pregnenolone to the culture medium, while E2 production was unaffected [29, 30] . Under in vitro Cd 2+ exposure of the rat ovary (after incubation with 0, 100, 500, 1,000, 1,500 and 2,000 µM), the most affected were P 4 and T productions in proestrus rats and less in pregnant dams [30] . These findings suggested that Cd acted at site(s) prior to cholesterol side chain cleavage, while the depression of T and E 2 production signified the possibility of other site(s) in the ovarian steroidogenic pathway to be affected by Cd.
Recent studies in pregnant rats demonstrate that combined nutritional Fe deficiency and parenteral Cd exposure (3 and 5 mg/kg) disrupt ovarian steroid production [31] . Acute Cd exposure affected viability of fetoplacental units, while with subchronic exposure to the same Cd doses, no effect on fetal viability was found. Both acute and subchronic Cd exposures produced alterations in the distribution of essential elements (Fe, Cu and Zn) in maternal organs and in the whole foetus. In exposed dams, Cd concentration was ordered: kidney>liver> blood>>whole foetus. Cadmium effects in dams and pups were generally dose-related, and the effects of combined Cd and low Fe exposure were linear and additive.
Comment
Where are we with present knowledge?
Due to increasing environmental pollution with toxic metals, recognition of their reproductive and perinatal effects in humans is essential. More of the work on reproduction, development and transplacental movement of heavy metals has been conducted in animals than in humans [32] . Both the human and animal data show that, in contrast to Pb, Cd passage across the placenta into the foetus is minimal. However, Cd does accumulate in both the human and animal placenta [3, 4, 32, 33] . Animal studies show that Cd alters microcirculation in reproductive organs, i.e., testis, ovary, uterus and placenta [11, 34] . There is little information on this possibility in humans. Furthermore, even for Pb, a wellknown reproductive toxicant, reproductive effects of chronic low exposure are less known [1] . Human data on Pb or Cd maternally mediated perinatal effects are limited. Data on Pb or Cd effects on steroidogenesis are lacking. More human and animal data are needed to elucidate association(s) between toxic metal concentrations and potential endocrine disruption(s) in the steroid-producing organs, i.e., ovary, testis and placenta.
In conclusion, presented results showed that female rats are more susceptible to the reproductive effect of Pb. In case of Cd, however, higher doses were required to produce similar changes in gonadal steroidogenesis in female than in male rats. Future research should focus on the evaluation of steroid hormone production of ovary and placenta in both humans and animals related to exposure to toxic metals. The results from animal studies should be used to compare the effects in the two species, and to provide a foundation for risk assessment of reproductive effects of heavy metals from rodent studies.
